The Janus kinase/signal transducer and activator of transcription (JAK-STAT) pathway mediates important responses in immune cells. Activation of any of the four JAK family members leads to phosphorylation of one or more of seven STAT family members. Phosphorylation of STAT family members leads to their dimerization and translocation into the nucleus, in which they bind specific DNA sequences to activate gene transcription. Regulation of JAKs and STATs therefore has a significant effect on signal transduction and subsequent cellular responses. Mast cells are important mediators of allergic disease and asthma. These cells have the ability to cause profound inflammation and vasodilation upon the release of preformed mediators, as well as subsequent synthesis of new inflammatory mediators. The regulation of mast cells is therefore of intense interest for the treatment of allergic disease. An important regulator of mast cells, STAT5, is activated downstream of the receptors for immunoglobulin E, interleukin-3 and stem cell factor. STAT5 contributes to mast cell homeostasis, by mediating proliferation, survival, and mediator release. Regulators of the JAK-STAT pathway, such as the suppressors of cytokine signaling (SOCS) and protein inhibitor of activated STAT (PIAS) proteins, are required to fine tune the immune response and maintain homeostasis. A better understanding of the role and regulation of JAKs and STATs in mast cells is vital for the development of new therapeutics.
Introduction
Mast cells are critical mediators of allergic disease, hypersensitivity reactions and asthma. The cost of asthma alone in the United States is estimated to be 19.7 billion dollars a year. (http://www.lungusa.org/ assets/documents/ASTHMA-JAN-2009.pdf) The release of preformed mediators such as histamine, leukotrienes and prostaglandins from mast cells upon cross-linking of the immunoglobulin E (IgE) receptor (FceRI) with specific antigen causes early-phase allergic reactions characterized by vasodilation, smooth muscle contraction and increased mucus production. Although signaling downstream of the IgE receptor is well characterized and is known to involve activation of the phosphatidylinositol 3-OH kinase pathway, the mitogen-activated protein kinase pathway, sphingosine kinases and transcription factors such as nuclear factor-kB and Jnk, 1 less is known about the role of the Janus kinase (JAK)-signal transducer and activator of transcription (STAT) pathway in mast cells. STAT proteins were first discovered in 1988 as proteins binding the interferon (IFN)-stimulated response elements of DNA sequences subsequent to stimulation with type I IFNs, and were referred to as IFN-1-stimulated gene factors. 2, 3 JAKs were subsequently identified in 1992 by three separate labs and the JAK-STAT pathway was born. [4] [5] [6] The JAK-STAT pathway is known to have a critical role in mast cell proliferation, homeostasis and gene regulation subsequent to cytokine binding to specific receptors. [7] [8] [9] [10] This review, therefore, focuses on recent strides made in understanding the importance of the JAK-STAT pathway in mast cells.
JAK tyrosine kinases are constitutively associated with the intracellular portion of cytokine receptors. The binding of a cytokine to the extracellular portion of its receptor on the cell surface induces the dimerization of the receptor, which subsequently results in the intracellular activation of JAKs. As a consequence of their activation, JAKs phosphorylate specific tyrosine residues of the intracytoplasmic portion of the cytokine receptor, transforming them to docking points for STATs. STATs are cytoplasmic transcription factors activated subsequent to JAK activation. The tyrosine phosphorylation of STATs by JAKs induces their dimerization and later their translocation into the nucleus, in which they function as gene regulators (Figure 1) . 11, 12 The JAK family kinases include four members (JAK1, JAK2, JAK3 and TYK2 (tyrosine kinase 2)) in mammals, whereas there are seven STATs (STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B and STAT6). JAKs contain seven homology motifs, including a pseudokinase domain (JH2) in addition to their tyrosine kinase domain (JH1). [13] [14] [15] STATs are characterized by the high similarities in their DNA-binding region and in their SH2 (Src homology 2) domain, responsible for activation and dimerization of STATs. 16, 17 The carboxy terminus of STATs, known as the transactivation domain, contains highly conserved residues and mediates the recruitment of molecules such as histone deacetylases, DNA polymerase II, as well as co-activators of transcription. 18 The amino terminus, on the other hand, is involved in STAT regulation such as dephosphorylation or tetramer formation. [19] [20] [21] [22] Mast cells are the only fully differentiated hematopoietic-derived cells to highly express the stem cell factor (SCF) receptor c-kit (CD117) on their surface. Binding of SCF to c-kit on the mast cell surface induces JAK2 activation. JAK2 activation can result in phosphorylation of several STATs in various cell types, including STAT1a, STAT3, STAT5A, STAT5B and STAT6. 9, [23] [24] [25] [26] [27] Specifically, SCF-induced activation of JAK2 in human mast cells has been shown to activate STAT5 and STAT6. 27 STAT5 activation in mast cells promotes their development, survival and proliferation. 8, 24, 28 Another molecule particularly important for mast cell expansion is interleukin-3 (IL-3), which activates JAK2 29 as well as STAT3 and STAT5 in mast cells and is critical in regulating the mast cell response against intestinal pathogens. 30 It has been suggested that IL-3 and SCF may share overlapping or synergistic functions in mast cells, possibly due to overlapping activation of STAT5.
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Regulation of JAKs
JAKs undergo a variety of specific post-translational modifications directly affecting their activation status. In fact, once activated by phosphorylation, JAKs represent a target for suppressors of cytokine signaling (SOCS) and protein tyrosine phosphatases. SOCS are extensively studied inhibitors of the JAK-STAT pathway in mast cells. It has been shown that the SOCS family includes eight members (SOCS1 to SOCS7 and CIS (cytokineinduced SH2 domain)). SOCS1-3 and CIS are present in unstimulated mast cells at very low levels and are rapidly upregulated after stimulation, forming a negative feedback loop resulting in inhibition of the JAK-STAT signaling pathway. 32, 33 SOCS1 directly binds to the SH2 domain of activated JAKs, inhibiting JAK activation, whereas SOCS3, after activation by JAKs on its Tyr203 and Tyr221 residues, binds to the intracellular portion of the activated cytokine receptor, preventing recruitment of JAKs ( Figure 1) . [34] [35] [36] [37] [38] On the other hand, CIS proteins have been shown to act as competitors to the activated receptor docking sites for STATs. 39 Some studies have shown that both SOCS1 and SOCS3 were activated by IL-6 and IFNg and as a result, they were able to inhibit IL-6 and IFNg-induced JAK-STAT signaling. 10 SOCS proteins have also been reported to be involved in the degradation of signaling molecules such as JAKs and STATs through the ubiquitin-proteasome pathway. In fact, it has been suggested that the SOCS box, a domain of conserved amino acids in the carboxy terminus of over 30 proteins but first identified in SOCS proteins, binds to Elongins B and C. Elongins B and C are parts of the ubiquitin E3 ligase, which catalyzes the transfer of ubiquitin to target molecules, marking them for degradation. 34, [39] [40] [41] As an example, many studies reported that JAK2 is degraded through the SOCS1-mediated ubiquitin-proteasome pathway. 10 
Regulation of STATs
Similar to JAKs, STATs are post-translationally modified by tyrosine and/or serine phosphorylation, methylation, acetylation, attachment of small ubiquitin-related modifier proteins (SUMOylation), ISGylation and ubiquitylation. 42 After cytokine binding and JAK activation, STATs are recruited to the docking sites of the intracellular portion of the cytokine receptor and phosphorylated. Generally, STATs are activated by phosphorylation on specific tyrosine residues, which is required for their dimerization and translocation to the nucleus. Although tyrosine phosphorylation of STATs is well studied and documented, less is known about the importance of serine phosphorylation of STATs. It has been reported that serine phosphorylation of STATs is independent of their tyrosine phosphorylation. 43, 44 Furthermore, several studies have shown that serine phosphorylation of STAT1 seems to enhance its transcriptional activity, 39, 45 whereas serine phosphorylation of STAT3 has been shown to negatively regulate the tyrosine phosphorylation of this molecule. 46 Numerous serine kinases, such as Erk, p38 and JNK, have been shown to be involved in the serine phosphorylation of STATs. 41, 46, 47 STAT activity can be cytoplasmically and nuclearly inhibited by protein tyrosine phosphatases such as SHP2, which can remove the phosphate group present on the tyrosine residue of the activated STAT, resulting in the inhibition of STAT and a return to its cytoplasmic and inactive form ( Figure 1 ). In addition, similar to JAKs, STAT proteins can be inhibited by specific interactions with suppressor molecules of the protein inhibitor of activated STAT (PIAS) family. There are five members of the PIAS family in mammals that, unlike members of the SOCS family, are constitutively expressed. 42 These proteins can inhibit STATs by blocking their DNA binding sites, or by acting as ligases in facilitating SUMOylation, a process similar to ubiquitination. 42, 48 Several studies have also reported cross-talk between the JAK-STAT pathway and many other intracellular signaling pathways such as the nuclear factor-kB pathway. 49 In fact, SOCS1 is known to interact with IRAK (IL-1R-associated-kinase), a key molecule in the nuclear factor-kB pathway. This interaction might be responsible for the inhibitory effect of SOCS1 on lipopolysaccharide-induced activation of the nuclear factor-kB pathway. 50 In addition, similar to JAKs, STATs can be regulated through ubiquitination and subsequent degradation. The ubiquitin E3 ligase, SLIM, has been reported to not only target STATs, namely STAT1 and STAT4, but also to inhibit tyrosine phosphorylation of STATs. 51 An additional layer of regulation of STATs is the production of different isoforms through alternative splicing and proteolytic processing. This is of particular interest in mast cells as there has been shown to be a mast cell-specific isoform of STAT6 that is truncated at the C-terminal end and lacks a distinct transactivation domain. 52 Interestingly, it is this truncated isoform, not the full-length STAT6, also present in mast cells, that is the main respondent to IL-4 signaling, perhaps mediating specific effects of this cytokine in this highly specialized cell type. 52 The mast cell-specific STAT6 isoform is generated through proteolytic cleavage, rather than through alternative splicing, and the protease has been shown to be in the elastase family of proteases. 53, 54 Although the JAK-STAT pathway is known to be one of the major regulatory pathways downstream of cytokine receptors and despite the fact that the general mechanisms by which this pathway is regulated have been cited, more challenging work is left to be performed to fully understand its importance in mast cell homeostasis. A better understanding of the JAK-STAT regulatory pathway may lead to the identification of key therapeutic targets and would ultimately lead to better drugs designed specifically to inhibit these molecules.
Targets of STATs
STATs have been implicated in the transcriptional activation of target genes involved in cancer, including c-myc and Bcl-x L , 55, 56 as well as cytokine signaling in inflammatory diseases. 57 Mast cells have an important role in allergic responses and are major factors in mastocytosis, mast cell leukemia and mast cell sarcoma. There is likely a link between STAT-mediated activation of oncogenes and mast cell-related cancers. However, much remains to be done in the area of STAT target genes, specifically in mast cells.
STATs are activated through phosphorylation at their tyrosine residue, not only by cytokine-associated kinases such as the JAKs, but also by oncogenic non-receptor tyrosine kinases such as the translocation responsible for the Philadelphia chromosome, BCR-ABL. 58 Upon activation, STATs hetero-or homodimerize, enter the nucleus and bind a specific DNA sequence in the promoter of target genes to activate gene transcription. STAT homodimers bind to members of the GAS (g-activating sequence) family enhancer motif with the sequence TTTCCNGGAAA, in which N is any nucleotide. 12 The GAS consensus sequence can be used as an indicator of potential STAT-regulated genes. For example, a STAT5-binding element in the SLP-76 (SH2 domain-containing leukocyte protein of 76 kDa)-related adaptor protein MIST (mast cell immunoreceptor signal transducer, also termed Clnk) promoter was identified. Under the control of a constitutively active form of STAT5a, endogenous MIST mRNA expression was enhanced. 59 Interactions with other transcription cofactors and/or co-activators also contribute to STAT-mediated expression of target genes. Some proteins involved in this include Sp1, 60 c-Jun 61 and CBP/p300. [62] [63] [64] Studies regarding the regulation of proliferation and apoptosis in a variety of cell types have identified a major role for STATs in targeting apoptotic genes including those of the Bcl-2 family (Figure 1 ). STATs 1, 3 and 5 are known to bind the bcl-x gene promoter and activate Bcl-x L in erythropoietin progenitor cells, red blood cell progenitors, bone marrow cells, chronic myelogenous leukemia cells and myeloma cells. 55, [65] [66] [67] [68] The cytokines IL-3, which signals through both STAT3 and STAT5, and SCF, which signals through STAT5 and STAT6 in mast cells, prevent apoptosis by upregulating Bcl-2 expression in mast cells. 69, 70 In a study by Shelburne et al.,
7 cultured murine bone marrow-derived mast cells (BMMCs) deficient in STAT5 were unable to proliferate and died in the presence of IL-3 or SCF alone, suggesting that STAT5 has a role in cell survival. Upon further examination, expression of Bcl-2 and Bcl-x L mRNA and protein levels were nearly absent in STAT5-deficient cultures. In addition, STAT5-deficient cultures expressed increased active caspases 9 and 3 in comparison to wild-type BMMCs when cultured with either IL-3 or SCF. This study identified STAT5 as having a major role in mast cell survival and proliferation as well as implicating STAT5 in the transcription of Bcl-2 or Bcl-x L . 7 Ikeda et al. 71 further studied the role of STAT5 in murine mast cell development in vivo. Although BMMCs from STAT5a À/À mice develop normally, expressing normal levels of c-kit, FcgR II/III and the IgE receptor, these mice show significantly decreased mast cell numbers in the peritoneal cavity when compared with wild-type mice. Survival of peritoneal mast cells ex vivo, as well as BMMCs, is also decreased in STAT5a-deficient mice, which is evident by an increase in the number of apoptotic cells, and decrease in Bcl-x L mRNA expression. These results further suggest a role for STAT5a in vivo in the suppression of apoptosis through regulation of the antiapoptotic gene Bcl-x L . 71 Human mast cell survival also seems to be regulated by Bcl-2 and Bcl-x L . When SCF is removed from the culture media, apoptosis is induced and the levels of Bcl-2 and Bcl-x L proteins are decreased. In the SCFindependent human mast cell lines HMC-1.1 and HMC-1.2, Bcl-x L and Bcl-2 protein levels are significantly elevated, possibly explaining the ability of these cells to persist in the absence of signaling elicited by SCF. 69 The similarity between the decreases observed in human mast cell Bcl-x L expression upon removal of SCF 69 and murine mast cell Bcl-x L expression 71 suggests a similar mechanism regulating the Bcl-x L gene, namely STAT5.
Examination of IL-15 in the mouse mast cell line MC/9 and BMMCs identified a role for STAT6 in regulating Bcl-x L expression and apoptosis. With activation by IL-15, STAT6 is able to bind the bcl-xl gene promoter and activate Bcl-x L expression, as identified through electrophoretic mobility shift assay and transfection of a dominant-negative STAT6, respectively. When expressed in MC/9 cells, the dominant-negative STAT6 suppressed Bcl-x L mRNA expression and induced apoptosis, 72 thus implicating STAT6 as another regulator of Bcl-x L expression in mast cells.
The role that STAT5 and STAT6 seem to have in regulating the antiapoptotic Bcl-2 family in mast cells has potential implications in cancer development. STATs have been identified to be constitutively active in a number of cancers, promoting cell survival, angiogenesis and proliferation. 73, 74 Although little has been studied as to the specific STAT target genes in mast cells, complementary DNA array data and identification of potential binding sites of STATs in promoters of genes related to survival and proliferation suggest that there are additional targets for STATs. Other potential genes include VEGF (vascular endothelial growth factor), pim-1, and cyclin D3 (JJ Ryan and KD Bunting, unpublished data; 75 ). It is interesting that although STATs have been implicated as having significant roles in mast cell survival and proliferation, little has been uncovered with regard to specific target genes, and it is an area that should be addressed.
STATs in allergic disease
Given the fact that the JAK-STAT pathway has a significant role in maintaining the growth and survival of mast cells, which are the principal mediators of allergic disease, it is reasonable to hypothesize that alterations in JAK-STAT signaling in mast cells can affect allergic disease and asthma. Allergic disease is mediated through antigen-specific IgE molecules that are constitutively associated with FceRI on the surface of mast cells. Crosslinking of these IgE molecules by specific antigen induces the release of inflammatory mediators and vasodilators such as histamine, leukotrienes and prostaglandins within minutes of exposure, resulting in a T helper 2 (Th2)-mediated allergic response (Figure 2 ). 76 With 50 to 60 million Americans suffering from allergies and asthma every year, the elucidation of the role of JAK-STAT signaling in mast cells is of great importance in the development of therapeutic targets. 7, 8, [77] [78] [79] Of the family of STAT proteins, STAT4 and STAT6 are particularly important in the differentiation and subsequent modulation of T helper cell responses. T helper cells differentiate into Th1 and Th2 cells in response to the cytokine milieu. A Th1 response is elicited by the cytokines IL-12 and IL-23, which signal through JAK2 and TYK2 that, in turn, phosphorylate STAT4. 80 In contrast, Th2 cells are elicited by IL-4 and IL-13 activation of JAK1 and JAK3, which subsequently phosphorylate STAT6 (Figure 2) . 81 Although STAT4 and STAT6 have importance in the development of the Th1 and Th2 lineages, STAT5 is critical for mast cell function. Barnstein et al. 82 have shown that BMMCs lacking STAT5 have a 50% reduction in the release of histamine and leukotriene B 4 after antigen crosslinking of FceRI. STAT5 was also shown to be necessary for the production of IL-6, IL-13 and tumor necrosis factor-a in the late phase of mast cell activation, with STAT5 knockout (KO) BMMCs producing only 5-10% of the wild-type levels of these cytokines. 82 Therefore, JAK-STAT signaling is capable of contributing to allergic disease directly by facilitating the release of mast cell mediators, and indirectly through skewing immunity toward a Th2 response.
The implication of STAT6 in Th2 cell responses has been best studied by generating STAT6 KO mice, which fail to mount a Th2 response in vivo as well as in vitro. STAT6 has a pivotal role in the differentiation, memory, development and survival of Th2 cells. [83] [84] [85] It has a unique role in the production of IgE and mucus in the airway hyper-responsiveness (AHR) model. The development of airway hyper-responsiveness in STAT6 KO mice shows varying responses in different strains of mice. In Balb/c mice, eosinophils are decreased by 50%, whereas in C57BL/6 mice, they are completely blocked. 85 Mathew et al. 83 report that the development of allergic pulmonary inflammation requires the activation of STAT6, not only in T cells, but also in the parenchymal cells of the lungs because of the fact that transfer of antigen-specific Th2 cells from STAT6 wild-type mice to STAT6 KO mice did not effectively elicit airway hyperresponsiveness. This inadequate response is attributed to a defect in the production of eotaxin, resulting in impaired Th2 cell chemotaxis to the lungs (Figure 2 ). STAT6 is also required in mucus production, as STAT6 KO mice did not manifest goblet cell hyperplasia and have decreased mucus secretion in response to the ovalbumin challenge asthma model. 86 Again, the transfer of antigen-specific STAT6 þ / þ T cells failed to compensate for this defect, implying STAT6 within the lung as a key mediator of mucus production. 83 Thus, STAT6 has a central role in the pathogenesis of asthma.
JAKs and STATs in mastocytosis
Mastocytosis is a broad term used to define abnormalities caused by increased proliferation and subsequent accumulation of mast cells. Mastocytosis is one of several types of chronic myeloproliferative neoplasms (MPNs), or clonal disorders of hematopoietic cells. According to the newly revised World Health Organization classification, mastocytosis is now classified as a MPN, as opposed to a chronic myeloproliferative disease under the previous nomenclature. Other MPNs include diseases such as chronic neutrophilic leukemia, polycythemia vera and primary myelofibrosis. 87 There are two main types of mastocytosis: cutaneous mastocytosis and systemic mastocytosis (SM). Cases of cutaneous mastocytosis most often involve urticaria pigmentosa and have an overall favorable prognosis. Cases of SM can be further subdivided into indolent SM (of which there are two types: smoldering and isolated bone marrow mastocytosis), SM with an associated hematologic disorder, aggressive SM and mast cell leukemia. [87] [88] [89] In a large retrospective study conducted using 342 SM patients spanning 31 years at the Mayo Clinic, it was found that the median survival rate of individuals with mast cell leukemia was only 2 months, which was substantially lower than that of patients with SM with an associated hematologic disorder and aggressive SM, who had median survival rates of 24 and 41 months, respectively. Overall, there is approximately a 6% rate of leukemic (acute and myeloid) transformation among patients with mastocytosis. 89 Interestingly, the median survival of patients with indolent SM was not substantially different from that of the normal age-and sex-matched population. 89 
Figure 2
Activation of mast cells initiates a cascade of events resulting in Th2 polarization and both positive and negative feedback regulatory loops. Mast cells are activated when antigen binds to specific IgE molecules bound to FceRI receptors on the surface of the mast cell. Subsequent crosslinking results in signaling through the IgE receptor and activation of multiple pathways, including the JAK-STAT pathway. STAT5 has been shown to be required for IgE-mediated cytokine production as well as histamine and leukotriene release. 82 Although histamine and leukotrienes cause the early-phase response through vasodilation and bronchial constriction, cytokines such as IL-4 and IL-13 mediate the late-phase response. IL-4 and IL-13 share the ability to signal through the IL-4Ra, which is associated with JAKs 1 and 3, leading to the activation of STAT6. STAT6 activation leads to polarization toward a T helper 2 phenotype, resulting in the release of cytokines such as IL-10, IL-6, IL-5, IL-9, IL-4 and IL-13. IL-4 and IL-13 can both signal through STAT6 in B cells, inducing isotype switching and subsequent production of IgE, which can bind FceRI on mast cells. [113] [114] [115] Unlike the allergy-promoting effects of IL-4 on B cells, IL-10 has an inhibitory effect on mast cells, leading to the suppression of both c-kit and FceRI expression, accompanied by the induction of apoptosis. [116] [117] [118] [119] [120] [121] [122] Mast cell-derived transforming growth factor-b (TGF-b) also acts as a negative regulator, working in an autocrine manner on mast cells. [123] [124] [125] [126] IL-5, on the other hand, supports the differentiation, survival and proliferation of both B cells and eosinophils, partly mediated through JAK2-STAT5 signaling, in conjunction with other pathways. 127, 128 Further recruitment of eosinophils occurs through production of the chemokine eotaxin, largely by cells of the airway epithelia. Eotaxin can be induced by the cytokines IL-4, IL-13 and tumor necrosis factor-a (TNF-a), which are derived from Th2 cells and possibly directly from mast cells themselves. [129] [130] [131] [132] Identifying specific mutations that may lead to abnormal mast cell accumulation is critical for the development of therapeutics to treat these diseases. One of the most common mutations occurring in over 90% of MPNs is the substitution of a valine for a phenylalanine at position 617 of the JAK2 molecule, 90 which was first noted by James et al. 91 in 2005. This mutation lies within the JAK2 pseudokinase (JH2) domain, which is required for the inhibition of basal kinase activity, 90, 92 thus leading to constitutive tyrosine kinase activity and cytokine hypersensitivity. 91 Patients with MPNs who were homozygous for the JAK2 mutation had a longer symptomatic duration of disease than those who were heterozygous for the mutation, whereas MPN patients lacking this mutation had the shortest duration of disease.
93 STAT5 is a major target of JAK2 in hematopoietic cells, and accordingly, activating mutations in JAK2 have been shown to lead to constitutive phosphorylation of STAT5. 90, 94 Increased phospho-STAT5 has also been shown to be concurrent with increased levels of phosphorylated AKT. 90, 95 AKT is a serine threonine kinase whose activation leads to increases in cellular growth and survival. AKT is a major target of the phosphoinositide 3-kinase pathway and is aberrantly activated in a wide variety of malignancies. 96 In fact, immunoprecipitation studies have shown coprecipitation of STAT5 with the p85 subunit of AKT, suggesting a cross-talk between the JAK-STAT pathway and the phosphoinositide 3-kinasepathway.
95,97 STAT5 activation as a result of JAK2 mutation has also been found to influence cell cycle transition, given that constitutively active STAT5 leads to a reduction of the cell cycle inhibitor p27 kip with a concomitant increase in cylcin D2. Inhibition of JAK2 causes reduced STAT5 phosphorylation and cell cycle arrest in the G 1 phase, presumably because of an observed increase in p27 kip and decrease in cyclin D2. 94 Increased STAT5 was also shown to be associated with a different mutation, the substitution of an aspartic acid to a valine residue at codon 816 in the c-kit receptor itself, an alteration found in over 90% of cases of systemic mastocytosis. 95, 97 This mutation was first characterized by Furitsu et al. 98 in the HMC-1 cells line and later noted in patients by Nagata et al. 99 in 1995. It was later shown that this c-kit mutation leads to low, but constitutive, levels of phosphorylated tyrosine residues at positions 568, 703, 721, 823 and 936 on c-kit. 97 ,100 These levels of autophosphorylation of the c-kit receptor ultimately lead to constitutive phosphorylation of key downstream mediators, including AKT, extracellular signal-regulated kinase, and the adaptor molecules Shc and Gab2. In addition, the p85 subunit of AKT, which associates with the phosphorylated tyrosine at residue 721, was shown to be constitutively bound to the mutated form of c-kit, independent of ligand activation with SCF. 97 Similar to STAT5 activation resulting from gain-of-function JAK2 mutations, phosphorylated STAT5 resulting from the D816V mutation was also found to physically associate with AKT in the cytoplasm. 95 Clinically, neoplastic mast cells in SM patients have been shown to unanimously express elevated levels of phosphorylated STAT5 found in both the cytoplasm and the nucleus of mast cells, an effect that was attributed to D816V c-kit signaling and blunted by inhibition of D816V kinase activity. 101 The identification of specific mutations leading to mastocytosis and other myeloproliferative disorders has resulted in emerging therapies to precisely target the causes of these disorders. Currently, imatinib is a widely used tyrosine kinase inhibitor that has shown considerable success in the treatment of chronic myeloid leukemia, characterized by the presence of the Philadelphia chromosome, resulting in the bcr-abl fusion protein.
Imatinib is a competitive inhibitor that functions at the ATP binding site of BCR-ABL 102 and also works by binding to the inactive form of the receptor tyrosine kinase, c-kit, which is found on hematopoietic progenitor cells as well as other cells such as mast cells and melanocytes. 88, 97 As imatinib binds to the c-kit activation loop when it is in its inactive form, mutations in the activation loop, such as the D816V mutation, alter the binding site for imatinib, rendering it less effective. 103, 104 A newer tyrosine kinase inhibitor, dasatinib, which was approved for use in chronic myeloid leukemia patients in 2006, is also an ATP competitive inhibitor. Unlike imatinib, dasatinib has dual specificity for both the SRC and ABL kinases and has shown efficacy against the mutated forms of c-kit in cases of mastocytosis harboring the D816V c-kit mutation. [102] [103] [104] This drug has been used in phase II trials for the treatment of SM with beneficial, but not curative, responses. 105 When combined with chemotherapy, this drug seems promising for the treatment of D816V þ SM patients with AML. Dasatinib may also be used in combination with other tyrosine kinase inhibitors such as PKC412 for the treatment of D816V þ neoplastic mast cells. 106, 107 PKC412 is a broadspectrum inhibitor of serine, threonine and tyrosine kinases and is being investigated for use in a variety of malignancies, including use in SM and related hematological disorders. [107] [108] [109] [110] Although tyrosine kinase inhibitors effective against the D816V mutation are making progress, therapeutics against the more recently discovered JAK2 V617F mutation are still in the early stages of drug approval. A particular compound from Incyte INCB018424 has shown promising results, having recently completed phase II clinical trials. Although compounds targeting this mutation have shown promise in alleviating symptoms, no curative effects have been observed thus far. 111, 112 Whether or not inhibition of JAK2 alone may be effective in reducing disease in individuals harboring this mutation is currently the topic of much debate, as several companies find themselves in a race toward approval by the Food and Drug Administration.
Conclusion
The JAK-STAT pathway is central to mediating the responses of a variety of immune cells, including mast cells. STAT5, in particular, has been shown by our group to be of critical importance in mast cells, as it is the downstream target of both FceRI and the c-kit receptor. The importance of JAKs and STATs in mast cells is highlighted by the consequences of mutations in these molecules, such as those that occur in mastocytosis. Although the JAK-STAT pathway has been well characterized in other immune cells, there is much work to be done in identifying specific targets of this pathway in mast cells. Particular alterations in JAKs and STATs and their regulators that lead to allergic disease and asthma require further investigation so that they may be exploited for therapeutic purposes.
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